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THEORETICAL ANALYSIS OF THY LATERAL STABILITY
OF A GLIDER TOWED BY TWIN PARALLEL TOWLINES

By Marvin Pitkin and Marion -0, McKinney, Jr,
SUMMARY

A theoretical analysias of the laterel etability char-
acteriatics of a glidsr towed by two parallel towlines
haas been made and correlated with previously reported dy-
namioc flight testes of a glider model in the NACA free-
flight tunnel, Calculations were made for a range of ef-
feotive dihedral angles from -6° to 149, a range of tow-
line lengthe from one to three glider spans, 1ift coeffi-
clentes of 0.30 and 0,765, and a range of glider lift-drag
ratios from 4,56 to 21,0, The results of the theoretical
analysls indicated that a glider towed by twin parallel
cables possesses sufficient etahility for satliefactory
pPllotless towed flight,

The stability of the glider was found to be primarilly
dependent upon the dihedral angle of the glider and the
length of the towlines, Both unstable oscillations and
divergences were found to occur either at negative or at
large positive effeotive dihedral angles. A maximum of
stability was indicated at moderate positive dihedral an-
g€les, The etability of the glider was decreased as the
towline length and 1ift coefficient increased. Large
slidewiese dlsplacemente of the glider relative to the tug
reduced the stabllity, particularly when the dihedral an-
gle was large. Agreement between theoretical and flight
results was very satiefactory,

INTRODUOTION

Load~0oarrying gliders may be used to cecarry troops or
cargo to supplement the carrying capacity of existing air-
planes without seriously decreasing the efficieney of the
tug. In order to realigze full benefit from such an ar-
rangement 1t is desirable to have inherent stabdility 1in




the glider eystem. An adeguate degree of stabillty would
elimlnate the need for a pilot in the glider or would at
least relieve the pilot of the neceesity of glving con-
etant attention to the controls, Although some guccess
has been obtained with a single towline glider system,
conglderable difficulty has been experienced in obtalning
a sufflclent degree of lateral gtabllity. A somewhat
slapler system for securing etablllty appears to be one
Involvling twin parallel towlines attached near the wing
tips of the glider to0 reatrain the glider from yawing.

A preliminary investigatior (reference 1) in the NACA

free-flight tunnel indlicated that a stable pilotlese towed

glider syestem wae poseible wiith twin parallel towlines.

In order to obtain an understanding of the operation
of thilg yawing restraint in providing lateral etability
and to allow an extenglon of the results to other glider
conflguratione, a theoretical analysis has been made of
the laternl stadbllity of the system, Calculations were
.made for the Bristol tow-target glider "Ske2et" to corre-
late the theory with the tests of reference 1,

SIMBOLS
W welgkt of the gilder, pounds
m masns of the glider, alug€
b span of the gllider, feet
v, dietance along Y axig from the center of gravity

.0f the glider to the towline attachment
points, feet

5 ] wing area of the giidar,'saﬁ;;; feét

X,Y,2 centroidal axes of glilder

a length of the towlinee, feet.

at length of towlines in glider epan lengths (a/b)
ky radius of grration about the X axls, feet

A',B',C!' gpace axes parallel to the body axes of the tug
intersecting midway between the towline at-
tachment points on the tug
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A 8B & < ©

angle between towline and A'=axis, radlans
true alrgpeed, feet per second
angle 0f eldegllp, radians

sldéwiee digplacement of glider center of gravity
along the B'-axis, feet -

slidewige displacement in glider span lengths (y/b)

gsldesllip veloolty, feet per second

angle of bank, radians

rclling angular veloulty, radlans per wecond

angle of yaw, degrecs

drag of gllider, pounds; differential operator (é?)
8

towlines tension, pounds

1ift coefficient /11”)
p 3

25V /

drag
drag coefficlent 2
%sv

denslity of mlir, sluge per cuble foot

time, secondse
alrplane relatlve-denslity factor (m/pr)
rolling moment of glider, foot—pounds

lateral force of glider, pounds

rolling-moment coefficlent —_—
%sv

/
Y
lateral-force coefficlent
/



Y rete of change of lateral force with sidewise
velocity (dY/dv)

Yw rate of change of lateral force with angle of
yaw (dY/ov)

(Yy)l rrte of change of laterel force induced by tow-
line tengion with glider sidewise dieplace-~
ment (3Y/dy),

(Y¢)3 rate of chenge of lateral force due to yaw pro-
duced by sideslip and roll wilith angle of
roll (oY /o)

L rate of change of rolling moment with rolling
velocity (dL/dp)

Ly rate of change of rolling moment with sideslip
velocity (dL/dv)

LW rate of change of rolling moment with angle of
vyaw (dL/ov)

(Ly)y rate of change of rolling moment induced by tow-
line tension with angle of roll (3L/39),

(L¢)3 rate of change 0f rolling moment due t0 yaw pro-
duced by sidesllip and roll with angle of
roll (3L/d¢d);

(Eg)a effective rate of change of rolling moment due to
yaw produced by sideslip and roll with angle

dL
of roll (—a—$>a

(f;)a effective rate of change of lateral force due to
yaw produced by eideslip and roll with angle

(GYB) rate of change of lateral~force coefficient with
angle of gideslip, per radian (d0y/3B)

(cyy.)l rate of change of lateral-force coefficient in-
duced by towline tenslon with sidewlse dls-

placement (3Cy/3y! ),
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(01¢)1

(Tig),

A,B,C,E,F

id

ti1/a

1-|eff

effective rate of change of lateral-force coef-
ficient due to angle of yaw produced by
sideelip and roll with angle of roll

(),

rate of change of rolling-moment coefficlent
with angle of sideslip, per radian (30;/23B)

rate of change of rolling-moment coefficlent

b
with helix angle <bG;/%%F

rate of change of rolling-moment coefficlent
induced by towline tengion with angle of

roll (30;/030),

effective rate of change of rolling-moment co-
efficlent due to angle of yaw produced by

3C
geideslip and roll with angle of roll 33;)
2

forward distance traveled in span lengthsa (%t)
root of the stabillity quartic

coefficients of the gtability quartie

Routh's discriminant (BOE - E® - B3F)
imaginary portion of a complex root

real portlon of a complex root or a real root
period of osoillatlon, seconds

time recuired for motlon to damp to one-half
amplitude, seconds

geometric dihedral angle, degrees

effective dlhedral angle, degrees (-013/0.012)




METHODS

The analysis 9f ths lateral stadility of a glider
attached to a towing alrplane by twin parallel towlines
vas made by setting up the stadbility equations, obtaining
the stabillity derivatives when necessary, and then calcu-
lating the stability boundariee, the period of the oscil-
latory (periodic) mode, ard the damping of the oscillatory
and the aperliodlc componente of the glider motion.

Apsumptions

In order to facilitate the handling of the theoreti-
cal investlgation the following assumptlons were made:

(1) Levsl tow: The tug and glider were assumed to
be in level flight with the towlines horizontal.

(2) Straight towlires: The towlines were assumed
welghtless and straight. This asesumption is justified by
the flight data of the irvestigetion reported in reference
1. Thus, no derivatives considerirg the weight and curva-
ture were included.

(3) Two degrees of lateral freedom: The glider was
congldered t0o be restricted by the towlines to two de-
grees of lateral freedom,

(4) Towpoint attachments on Y-axis: The glider was
agesumed to be attached at two polnts on the YT-axls.

Bquations of Motion

Inasmuch as the dyedic towline system restraing the
glider from yawing, only two degrees of lateral freedom
need be considered in setting up the equations of motion
that apply to this prohlem. The lateral-force and rolling-
moment equaticns after a disturbance may conseguently be
written as

m%% = Wb + v%% + towline derivatives (1)
mkxs@ﬁ - péﬁ + VQE + towline derivatives (2)

at oD ov
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The problem therefore becomes one of evaluating the
towllne derivatives. When this etep is accomplished, the
stabllity equations may be set np and treated mathemati-
cally to obtaln definition of glider etability.

Towline berivativea

Derivativeas due t0 cable tension.~ Two towline deriv-

atives due to cable tenslion may be obtained from inepec-

tion of figure 1. A sidewise displacement of the glider

elong the direction of its Y-axis 1s opposed by a compon

neat of cable tenslon, The derivative expressing the re-
sultant relationship 1is then

21
dy /;

~Tengion (or drag)
Towline length
-D

= = (3)
a

(Yy)1 =

Similarly, the towline tecnsion resiets the effort of the
gllder to agsume a banked attitude. The derivative dc-
fining thie relationship is

(9&\

3¢ /1
Tension (or drag) x b,?
Towline length i

(Ly)s

-Db, 3
e (4)
The nondimeneional form of these equations is
N L%
(ny,/l = —a—‘— (5)

and

(), - ()




The towline derivatives G$¢ , and (Ogy, , are

the only firet-order terms contributed by the towlines.
Inasmuch as conventional etability theory assumes that
only firgt-~order terms are considered, these terms were
the only towline derivatives %0 be. introduced into the
equatione of motion (1) and (2) in the early phases of
the investigation. The glider .stability was then calcu-
lated—o

The results of these initial calculstiones were some-
whaet in disagreement with the model flight data of refer-
ence 1 because the calculatione did not predict lnstadbil-
ity at the large dihed~:.1] angles at which unstable ogcll-
lations had been encountered in the flight tests. A clue
to the correct solution was obtained from a further anal-
yale of datsa previously obtalned from flighte of the model
with large dihedral angles. The model was observed to fly
satisfaotorily during the testes of reference 1 provided
that the tunnel air-flow disturbances were small, For
large disturbances involving large glider displacements,
however, the model quickly developed an unstable oscilla-
tion, This phenomenon indicated that large dlsplacements
were 1introducing unstable effects eufficiently large %o
overcome the inherent stability of the glider system for
small oecillatione. It thus appeared likely that some
second-order effect existed which was gufficlently large
at large vaelues of glider dieplacement to0 induce instabdll-
1ty.

An analysis was therefore made in an effort to deter-
mine which, if any, of the second-order terms of the
glider system could have an appreciable effect upon glider
stabllity., This analvsis indicated that the second-order
effects of the derivativee hitherto diescuseed would be of
emall magnitude, even for large values of glider displace-
‘ment. It was observed, however, that new towline deriva-
tives, second-order in form, eroge from glider dlsplace-
ment and were of suffioient magnitude for large displace-
ments to induce instability. These derivatives resulted
from the geometric characteristice of the parallelogram
formsd by the towlines and the tyug and glider wing epans.
The derivation of these derivatives and the method of
introducing them into the glider equations ie discussed
in the following section,

Second-order derivatives due to glider position.~ The

—g——

geometric characterietics of the parallelogram formed by
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the towlines and the tug and glider wings are such that,
1f the glider sideslips and rodla relative to the tug,
the towlinee force the glidér into a yawed attitude, In
horizontal tow this actlion results in positive yaw accom-
panying positive sidewise displacement. This angle of
yaw introduces additional etability derivatives that are
dependent upon the amount of sldewise dieplacement and
bank, If the effeocts of yawing veloclty, which are be-
lieved to be small, are neglected, the-rolling moment L
and the lateral force Y due to the angle of yaw induged™
Wy glider position are found to Do

L=\!JI“,

Y = "JJY‘!!
But

V= £(Q,5)
therefore,

L = £(0,y)Ly (7)
Likewise,

Y = £(0,5)7y (8)

The exact solution for V¥ in terms of ¢ and ¥y
leads t0 a highly complex egquat¢ion., An approximate for-
mula, however, has been obtained by spherical trigonome-
try and checked by means of a mechanical device reproduc-
ing the glider tcw syetem. Tha equation for angle of yaw
la

v = ¢a tan ¢ (9)
1.8 = 0.07(a' - 1)

where
yl

It should be observed that the sidewlee dleplacement
y'! ocan never exceed the length of the towlines al,

tan € =
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The agreoement between valuea of V caloulated by
means of this equation and the measured values ias shown
in figure 2, whiocoh presents sample values for l-span tow-
lines. The agreement 1s equally good for 3~ and 3-span
towvlineas. -

Subetitution of equation (9) in equaetions (7) and (8)
gives the relationehips,

8 ]
L = L AL (10)
J (ar)3- (y')a[l.B—0.0’?(a.’—-l)]

and .
¢a ("V' ! )Y\U

= (11)
J (a1)3 - (}")3[1.8- 0,07(a' = 1)}

Steps must now be taken to obtalin a relationship be-
tween angle of bank ¢ . and the sidewlse dleplacement of
the glider y' ©because, first, an infinite number of so-
lutions for glider stabllity would otherwligse exist and
second, insertion of derivatives as a function of ¢ and
v' 1in the equations of motion would make these differen-
tial eqcuations nonlinear and hence unsolvable by conven-
tional mathematical msethods,

Although the exact relation of the angle of bank to
the sidewlise displacement can be found only by e complete
rolution of the equations of motlion, a satisfactory flrst
approximation may be made 1f -the towline and inertia
forces are ignored. The relationsghip of ¢ to y' mnay
then be expressed by the eguation

b
+ = =
BC-,,B o7 clp 0

or

- PP
ﬂC;B = v G;p (12)

The .value of C;n as used herein has been taken from

reference 2 as —6.4; then
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= PY o
or
v pd
- 0 = == (0,
v %ip = F (0.3

Multiplying by V end integrating both sides of this
equatlion wilith reespect to time ylelds

yc;B = ¢b(0,3)

or
y/o
TE—GLB = 0,2
y' _
_E_GIB = 0,2 (13)

The validity of thie equation was checked by means
of measurements of valueg of y'ﬁ¢ ottained from motion-
picture records of flight tests for various effective di-
hedral angles and lift coefficients. The test points
ghown ia figure 3 are averages of at least seven reasdings
for each condition and are in satisfactory agreement with
caloulated results.

Two towline derivatives due to position may now be
expressed as a function of elther ¢ or y', The calou-
latione in this report have utilized values derived as e
function of ¢.

The rolling moment resulting from glider position
may be expressed as

L =\|II|\|’

or, in nondimensional form, as

cl = "wcla
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likewlse,
Cy = -\IJGYB

...f(d))GYB (15)

In order to intrcduce the moments and faorces arislng from
glider pogiiion into nondime-sioral equations of motion,
it 1s convealent to use the relations

dC
oo )

fac
by = @ —b_fbg—>
'
= ¢ oy, ) (17)
TR

It ie then necessary to evaluate (C;¥> and (Cyé\ .
Inasmuch as Cj7 1s not a linear function of ¢, (ﬁ;é)

will vary with @, In order to obtain an effective vajue
of <G1¢/ over any range Oof valuea of ¢ frcom en ini-
tinl valve of &, to a final value of ¢, +the nonlinear

variation of C; with @ can be replaced by a linear
variation which represente the work done 1ln any cycle.

Thie linear variatlion, effective (G;¢} , 18 derivced as
. 2
follows: : ) \

{[ Cld‘1;.‘.
®, )
1
Worik dome in o cycle = \ ¢o;!(¢ - b,)
B '
- mean c;]o (6 — b,) (18)
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When - &5 -equals O, - Ce e

¥ork done in % oyole = Cid

The linear variation of Oy} with ¢ yielding the same
work in l cycle ie consequently defined as

Bffeoctive (c;;) (G;¢
a

201

Ky
¢

2[ Cy d

_JL_E___ (19)

¢

From equation (14)

C; = —WG;B
Therefore,

) 2015 ¢
G;> =z - —g— W 4 (20)
/g ¢ 0

where, from equation (9),

$° y'

T 1.8 - 0.07(a' - 1) /a!® - y'®
and, from eaquation (13),
® = BG;ﬂy‘
The integral in equation (20) may be solved in terms of

® or, by rearranging limite, in terms of y!; either
proceess ylelds identical numerical results. Values of

0;¢/ are expressed herein as a function of y!'.
8
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Solution of equation (20) in terms of y' yielde, when
GIB is negative,

: 3.33C; 2
C}@ = - 7'B r/a'a—y'a(y'a+2a'a)-2a'3:' (21)
2 [1.8-0.07(at-1)] y'°k

When- O3 1s positive, the equation 1s of opposite elgn.

P

The effective derivative (°Y¢ may be obtained in
2

a gsimilar manner or by the relationship

Svp
GY ] =

Cy (22)
¢/ ®/g Ci1g

These towline derivatives are of second order and
are dependent upon glider positlion. The glider stadllity
must therefore be calculated for each sidewige glider pe-
sltlon assumed.

The towline derivative (G;;) has been plotted
8

agaelnat eslidewise digplacement for varlous values of G;B

and is presented in figure 4 for 1~, 2-, and 3-span tow-
lines.

Stabllity Equations
Substituting the towline derivatives in ecuations (1)

and (2) and rearranging terms yields the following equa-
tions:

pSE - WO - vY, - 3(Ty); - &(¥g)z = O (23)

dt
mkxag-lt)- - pr - vlhy - ¢(L¢)1 - ¢(fd-;)2 =0 (34)

If the aerodynamic data in standard nondimensional
form i1s to be used and if the original physical slignifi-
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cance of the equationg 1s to be maintained, a conglstent
nondimenslonal system 1s desirable. The following units
for such a nondimensional system were considered conven-
lent:

Unit of 1ength L ] L] [ ] [ ] L] . L ] . L] L ] L ] . L] 1 ] [ ] L ] L] L] L] . b
Unit of maaa ” L ] . L ] » » [ ] L] L] L] 1 ] L] a [ ] L ] [ ] 1 ] L ] - L] pr
Unit Oof t4me . . . & v & + v o + o + o o o« « = = o« o« ¥B/¥v

If length, mass, and time are expressed in the nondi~-
mensional form, the following nondimensional quantities
will result:

B o= —.—

pSb

8 = — %

b

. 3
Division of the force equation (23) by %SV and the mo-
ment eguation (24) by %Svab yielde the nondimensional

equations

2u0°p - 2B2 [cL s (G;)u] - DBOy, - B (ny,> -0 (25)
1

8
x\ _apd pb pd [ \ ) ]
— S D — —_ D =0 (2]
(20 o7~ DavCip = PRC1g- 20 1{C1g) + (F,¢;L (26)

The determinant of the left slde of these ecuations ylelds
the glider stabillity equation of the form

A e erma+rr=o0 (27)

where
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N ( ) )("Yy) ¥ Cip °Ya‘4“[(°1¢) *("*-cb ]
u,(:_;y [("Yv ), % 3"#(“*;)1 ) "’°L°‘g]

Cy

Gng

+
® 1

-1 e, 1_
8u® 1:—x>a L ¢>J J

The derivative (G—,¢> enters into the calculations

in such a wéy-as to cancel a term involving

C
l [
/g
GLIDER CHARACTERISTICS
The dimenslional and mass characteristice of the

Bristol tow-target glider "Skeet" for which the calcula-
tlons were made are shown in the followirg tatle:

Wing area, square foet . . . . . + « ¢« ¢« « o« . . . 173.0
Horlzontal tall area, square feet . . . . . . . . b6.1
Vertlcal-tail area, square feot... . . . . . . . . 10,6
Wing span, feet. . . ¢ . .« . & +© ¢« & o v % 4 s . s 54.4

over—all length' f?et . . . . . . . a . . - . . . 29|3
Distance from center of gravity to towline-

attachment polnte, feet . . . . . ¢« ¢« « o &+ o & 15.0
Welght, pounds . . . . . . e a s voe e e e 2976
Wing 10ading, poundg per sauare foot . e o+ e e s 17.2
Badius of gyratlon about X-axis, feet. . . . . . . 5.3
Moment of inertia about X-axis, slug- _feet? . . . . 2596

Other factore that enter into the numerical calculations
are:
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YA
(G‘cb)l = Tar T)

— = 0,154

Cp = 0.0867 (at Cy = 0.3)
Cp = 0.1047 (at Cp = 0.75)
The value <?;¢\ 1s dependent upon glider dlsplacements

3
and 1g presented in figure 4.

CALCULATIONS AND RESULTS

Inasmueh as the calculatiopn of the towline deriva-

tivée showed (?;¢ and cY¢J to be functions of
8 )

glider dlgplacementes, the stabllity was invegtigated over
a range of sldewlse diesplacements by a step-hy~step proe-
ess. It was firet necessary to aselgn some limiting val-
ue to the sidewise displacement y'. The towlines limit
the sldewlss travel to the length of the towline used bdut
inspection of the.model flight recordes 1ndicated that
these maximum values were never obtalned in flight even
with the most violent gusts or divergences., A study of
these records indicated that, in almoet all cases inves-
tigated for 1-, 2-, or 3-span towlines, the initial side-
wiee dleplacements of the glider center of gravity caused
by gust disturbances did not exceed a value of 0.70 epan.

N ~ 1
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Sinoce the tunnel conditions eimulate rather esevere gust
condlitions in full~scale flight, thle value was thought
to be an adequate limit defining the maximum initial dias-
placement likely to oococur following a gust disturbance.

Stability Boundariles

The theoretiocal requirements for dynamic stability
of an elrplane ere tkat the coefflclente of the stadbllity
equation and Routh's discriminant be positive. Negative
values 0f the coefficlente indicate dlivergent aperiodiec
modes; whereas a negative value of Routh's discriminant
B (for positive coefficlents) indicates an unstable per-
iodic mode.

Stabllity boundaries meparating stable from unstable
reglone may be defined by the equationsa:

C, E, or ¥ = 0 (aperiodic boundaries)
R = BCE - B3 - B®F = 0 (periodic boundary)

The perlodic boundary R = 0O was obtained by first
evaluating the stablility coefficlents as defined in equa-
tion (27) for the desired glider condition in terme of

(G;¢>a. Routh's discriminant wee set up and the value of
(0;¢) calculated for B = O, Thie value was then taken
a

from the correct plot of (b;¢> against y' (fig. 4)
a

and the value of y' obtalned. The values of y! at
wvhich the stability ocoefficlents ¥ sand C Dbecame zero
were simllarly obtalned.

The aperiodic bhoundary T = O 1g independent of the
pceltion derivativee and was obtained by calculating the
value of the derivative O;p neceseary to cause the coef-

flolent X to beeome zero,

The periodic boundary R = 0 and the aperiodiec
boundaries C€C = 0, B =0, and F = O are given on the
charts of effective dihedral Porr plotted against slde-

wiege displacement in figures 6, 6, and 7 for two values
of 11ft coeffliclent and for 1-, 3-, and 3-span towlines.
S5tability ratings from flight data of reference 1 are
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‘also given on these figures for.diffesent values of é&ffed~
tive dihedral angle. The geometric dihedral angls was
converted to effectlve dlhedral angle by meane of data
from unpublighed full~ecale-tunnel teets of the glider
made at LMAL, The full-scale data indicated that the ef-
fective dihedral angle of the test glider. was L.6° lower
than its geometric dihedral angle for a lift ed¢efflolent
of 0,30 and 1.6° higher than itd geometrioc dihedral angle
for a 11ft occeffleclient of 0.76.

Stability Roots

: The stabllity boundaries, although definihg the var-
lous stabllity reglons, give no quantitative indication
of the variation of stadility within a given region.
These characteristics may be obtained by, factoring the
8tabllity equation for ites rootea Al. Aa' As. and A4

and usiﬁg these roots to determine the perlod of the lat-
eral oscllletions and the time to damp to one-half ampli-
tude for the ogclillatory and aperiodic modus.

The period 1in seconde of the periodic modes As and

A, Vvas obtalned by the formula

P=2"

2r b
a7V

where 1d 1is the imaginary portion of the complex roots

Aa‘AG = ¢ x id

The time to damp to one-half amplitude in seconds
wvas calculated from the formula

t1/a == ¢ v

. 0,693 >
c v

where o 1s either the real vortion of the complex roote
for the oscilllatory mode or the real root A or A

1 a
defining the aperiodic modes.
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The reciprocal of the time to damp to one-half ampli-
tude has been used herein to exprese damping. This pro-
cedure waa followed because it was desired to express the
degree of stability as & direct rather than as an inverse
function of the ordinate. Peak positive ordinates conse-
quently 1ndicate maximum damping and negative ordinates
indicate negative (unstable) damping.

The aperiodic mode Ay represents a heavily damped

convergence that 1s always stable and is 1little affected
by changes in glidar or towline configuration. An example’
of the dampling characteristics of thle mode i1s presented
.in.figure 8 for the conditior with 2-span towlines to 1l-
lustrate its general nature, The mode Ay ie the govern-

ing aperiodic mode and hence determines the aperiodic
characterietics of the glider.

Complete calculations of the period and demping char-
acteristics have been meds for tow with 1-, 2-, and 3-span
towllnes at two values of 1ift coefficient and two values
of sidewlse dlsplacement. Representatlve results are pre-
sented in flgures 9 to 16, ZErperimental vwalues 0f the
period of the lateral ogcillations determined in the tests
reported In reference 1 and corrected to full-scale values
are algo given on the figures for purposes of comparison,

DISCUSSION

Effect of Dihedral Angle

Ln analyeies of the stability charts (figs, 5 to 7)
indicates that dihedral angle 1s an important factor in
the determination of the stabllity of the gllder. The
only satlsfactory etability region is that in which the
effective dihedral angle rangese from small to moderately
large positive values. At angles above this region (in-
dicated by the dashed line on charts) the glider may be
etable or unstable dependirng upon 1te 1lnltial sidewise
displacement, and at anglee below this region unstabdble
osclllatlone and divergences are encountered.

The stability charte indicate a close degree of ocor-
relation between the theoretical and the flight results.
The dlhedral range of the varlous stability regions indi-
cated by theory is corrohborated by the flight teste and
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-8tability reversal -in- flight occure at .approximately the

same effective dihedral as that indicated by the stadil-
ity boundaries.

Typical variationa of the period of the periodic
mode and the damping sharacteristics of the periodiec and
aperilodic modes are presented in figures 9, 10, and 11,
These figuree further amplify the conclusions drawn from
the boundary charta and indicate that a high degree of
stability 1is obtained at small positive dihedral angles,
As shown by figure 9, maximum damping of the oegillatory
mode exists for these dihedral angles. Any increase or
decrease of dihedral away from theese small positive val-
ues results in lighter damping of the ogclllatory mode
and eventually results in ogoillatory inastability.

Figure 10 shows that an increasse in the period of
the lateral osclillations occurs with reduction of effec-
tive dihedral angle, resulting in long-period oeclllations
for small negative dihedral angles, These long-period
osclillatione occur in an unatable oscilletory reglon and,
hence, are likely to have the appearance of truly diver-
Zent modes that exiast at more negative dihedral angles.
These characteristice may account for the divergence rat-
inge given the flight test made with emall negative ef-
fective dihedral angles.

The point of peak stability noted for low positive
dihedral angleg in the theoreticael analysis 1s 1n agree-
ment with the flight teest data in reference 1, in which
the steadlest and moet stable flights occurred at small
poesitive dihedral angles. As predicted by the theoretloal
analyels, divergent conditions were encountered in the
flight teste for negative values of effective dihedral.
Reasonably close quantitative agreement was odbtalined for
the period of the os¢cillatory mode as shown in figure 10,
and both investigations indicated an increase in period
with decrease in effective dihedral angle,

Effect of Sidewise Displacement

Figures 9 and 11 4llustrate the adverse effect of
sldewlse digplacement upon the stability characteristics
of the glider. A decrease in the damping of all stability
modes accompaniern sidewipe displacement. Although thls
effect 1s small for small poeitive dilhedral angles, 1t
becomes the predominant factor in the determination of
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the stabllity for large positive dlhedrals. and eventually
cauges osclllatory instability or divergernt flight. These
results explain certein phenomena previously encountered
in the flight tests reported in reference 1 for flights
with large dikedral angles. During the tests the model
would fly qulie satisfactorily for some period of time &t
large dihedral angles before unstable oscillations devel~
oped.

In order to obtain more flight data on the effect of
sidewise displacement, additional flight tests have since
been mads in which a model equipped with remote controls
was attached to a tunnel support by means of a dyadle
towline system. This model, although larger and heavier
then the original test model, portrayed the same essential
variation of etability with Adihedral angle ag the original
model. The model was then flown at level tow and aileron’
control dlsturbances were introduced during the flight,

In these flights the model would rly satiefactorily inm
the center poeition and would even damp out light control
disturbances. Tor large control disturbences involving
large sicewlge displacements, howover, unstable oscilla-
tlons would occur., These teste confirmed the theoretical
premlse that the stabllity of the glider at high values
of effective dihedral angle is largely dependent upon ini-
tial slidewise displecement. The results indicate that
gusty atmogpheric conditlons may induce instability in
flights when the dihedral angle of the glider is large;
whereas complete atability would exist for smoother air-
flow conditlions. The advantages of small dihedrals are
consequently again emphasized.

Effect of Towline Length

The effect of towline length updbn the period and
damping characterigstics of the glider 1s illustrated in
figures 12, 13, and 14. Tnese figures indicate that in-
creasing the length of the towlinés seriously leesened
the degree of damping of the oscillatory and aperiodlec
modes. 4 reduction of etability was evidenced for all
dihedral angles for lengthened towlines, and the pesk
darping of the oscillatory mode for 3~span towlines was
approximately £0 percent of that obtained with l-span tow-
lines. The damping of the aperiodic mode was aleo eeri- -
ously lessened by increese in length of the towlines,
particularly for the higher value of 1ift coefficient.
Thie effect probadbly accounts for the dlescrepancy between
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the flight results and the calculated- results for a 1lift
coefficient of 0,765 and Z~span towlines, (See fig. Z.)

Apparently, the damping of the aperiodic mode for thess

flights was 80 low, even though positive, that sustalined
flights could not be made.

In general, increasing the towlirne length resulted in
a slight increase in the period of the laterel oscilla-
tions.

The flight tests of reference 1 were in good agree-
ment with the theoretical etudy with regard to the effeot
of towline length. The legsening of the glider stability
and the more or less congtant nature of the period of the
lateral oscillations with increased towline length were
noted throughout the flight tests.

Effect of Lift Coefficient

The theoretical investigation showed that lncreasing
the 1ift coefficient from 0,30 to 0,75 slightly increased
the period of the oesclllatory mode and reduced the damp-
ing of both the oscillatory and aperiodic modes. This ef-
fect of increased 1ift coefficient upon the perlod of the
lateral oscillations is 1llustrated in figure 14 and upon
the damping characteristics ie shown in figures 15 and 16.

Although for l~span towlines only moderate effects
of 1ift coefficients were evident, for longer towlines
the adverse effects of high valuea of 1lift coefficlent be-
came more serious. Because of the lower stablility asso-
clated with the lgrger value of 1li1ft coefficient, it was
indicated that flights at large positive dihedrals would
become unstable with sldewiee dlsplacements smaller than
those displacemente inducing instability at the lower val-
ue of 1ift coefficient. This trend was accentuated with
increased towline length until, with Z-apan towlinee,
complete ingtabillity ocourred at a value of 14° effective
dihedral for all values of sidewise displacement, as shown
in figure 7.

The flight data were in good agreement with the theo-
retical resulte. The reduction in stability with lnerease
of 1ift coefficient in the flight teets waa slight for
l-gpan towlines but became noticeable and serious for
longer towlines,
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Effect of Lift-Drag Ratlo

The results of the theoretical survey as shown in
flgure 17 revealed a decided advantage of low lift-drag
retlios with respect to the damping of the oscillatory
nmode., These data apply only to zero sidewlse displace-
ment but similar trends occurred for other values of dis-
placement, '

The results indicate that greateat stadllity will be
obtalned at low values of lift-drag ratio. The damping
of lateral oscillations reached a maximum at a lift-drag
ratlo of 4 for the glider invesgstigated. Increasing this
ratlo to a higher valus resulted in lees stability for all
dlhedral angles althougk as would be erpected, thias effect
was least pronounced for gmall positive valuer of dihedral
angle.

The nighly advantageoue effect of spoilers, which re-
duce lift-drag ratio, me reported in the flight tests of
reference 1 may be gseen to conflrm these data.

CONCLUSIONS

A theoreticel study of the lateral stability of a
glider towed by twin parallel towlinee indicates the fol-
lowing conclusions:

l. A dyedic system of rarallel towlines that imposes
e reatraint in yawing will provide setisfactory inherent
stabllity for a pilotless towed glider.

2, The lateral atability will be chiefly influenced
by the dihedral angle of the wing., A maxinum of stability
will exlset over a range of snall pogltlive values of ef- :
fective dihedral. Any variation of dihedral from this
range will lead to progressively less stabllity and will
eventually result in unstable oscillations or divergences.

3. Gusty atmospheric conditiona, which result in
large sldewlee displacements of the glider relative to
the tug, will reduce the stabdility inherent in the tow
system, Thig effect will be greateat for large positive
values of effective dihedral.
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4, Long towlines will decrease the lateral stabllity
of the glider although stable satisfactory flight will
8tlll be obtainable for towlines up to three spaiis.

6. Increasing the 1lift coefficlient of the glider
will reduce the latersl stabllity for all conditions,
This effect will be slight for short towlines dut will
inorease in magnitude with long towlines.

6., Low lift-drag ratioe will increase the lateral
etabllity of the glider.

Langley temorial Aeronautical Laboratory,
Natioral Advisory Committee for Aeronautilcs,
Langley Field, Va.
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